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An Ingenious Filter: Minireview
the Structural Basis
for Ion Channel Selectivity
channel from Streptomyces lividans, was readily overex-
pressed in bacteria (Schrempf et al., 1995). Its primary
sequence is related to the class of ion-selective chan-
nels called inwardly rectifying channels, as evidenced
by the presence of two putative transmembrane helices
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with the ion selectivity±determining P region residing
Neurobiology has taken a giant step forward: we know, between them (see Figure 1, inset). The amino acid se-
for the first time, the crystal structure of an ion channel. quence closely resembles a portion of that of voltage-
MacKinnon and collaborators (Doyle et al., 1998) have dependent, six transmembrane K1 channels, though
won a two year long race with perhaps a dozen other these channels are not voltage dependent. Because of
laboratories around the world to determine with 3.2 AÊ KcsA's topological kinship to eukaryotic K1 channels,
resolution the structure of a bacterial potassium chan- many investigators immediately surmised that KcsA
nel, known as KcsA. This achievement is a milestone in would be the most viable option, at least for the time
our understanding of the basis for the electrical excit- being, for elucidating the three-dimensional structure of
ability of cells and also marks the start of a new era of an ion-selective channel. The newly discovered struc-
ture of KcsA is testament to that vision.channel biophysics, in which we will be finally able to
Structure of the KcsA Protomerrelate ion channel function to the arrangement of atoms
The structure reported by MacKinnon and colleaguesin channel proteins. We can now see that the potassium
confirms sequence predictions that each subunit foldschannel selectivity filter, the region of the protein re-
into two antiparallel transmembrane helices (M1 andsponsible for permitting the passage of potassium ions
M2) interrupted by the P region. The P region consistsand excluding sodium ions, is a 12-AÊ -long, 3-AÊ -wide
of a short ªpore helixº followed by a ªloop regionºconsti-pore with walls constructed from main chain oxygen
tuting the major selectivity filter (see Figure 1). The coreatoms.
of the selectivity filter consists of five well-conservedThe Overall Structure
signature amino acids: TVGYG. The four subunits areAll voltage-dependent, ion-selective channels share the
packed around a pore at the center of the tetramerarchitectural ªplan of four.º Na1- and Ca21-selective
through interactions between the ªinner helicesº (M2),channels consist of a single polypeptide chain con-
the short pore helices, and the loops. The ªouter helicesºtaining four homologous repeating units. K1-selective
(M1) only pack against the inner helices. The packingchannels are comprised of a tetramer made by four
of the eight transmembrane helices has an appearanceidentical or related subunits. The widespread existence
of an upside-down teepee with the helices as poles. Theof 4-fold symmetry between subunits or between re-
extracellular side corresponds to the base of the teepee,peating homologous units of all highly ion-selective cat-
where the pore helices and the loops are clustered toion channels such as K1-, Na1-, or Ca21-selective chan-
form the selectivity filter (a blue shaded region in Figurenel proteins suggests that such a symmetry relationship
1 at the extracellular side of the membrane).might be a consequence of an evolutionary relationship
The Pore Structurebetween these channels (Hille, 1992).
The pore lining at the center of the tetramer shows re-A large family of genes, combinatorial assembly into
markable variation along the ion-conducting pathway.tetramers, and gene splicing give rise to the diverse
The cytoplasmic side consists of a long (z20 AÊ ), water-properties of K1 channels. Each subunit consists of an
filled tunnel surrounded by predominantly nonpolar sideN-terminal cytoplasmic domain, followed by six trans-
chains pointing to the pore axis (a yellow shaded regionmembrane helices and a C-terminal globular domain in
in Figure 1 at the intracellular side of the membrane).the cytoplasm (see Figure 1, inset). K1 ions pass through
The diameter of this region is sufficiently wide to allowthe channel more readily than physically smaller Na1
the passage of fully hydrated cations,and the hydropho-ions; the P loop, situated between transmembrane heli-
bic nature of this region may facilitate the flow of cationsces 5 and 6, is the region primarily responsible for ion
by minimizing their interaction with the pore-lining resi-selectivity (Miller, 1991). K1 channels have been a favor-
dues. Cations will exchange their hydration waters asite system for studying channel gating and ion selectiv-
they travel through the tunnel. The long entryway thenity, and thus these channels figure strongly in the rich
opens to a wider water-filled cavity. The existence ofhistory of biophysics (Armstrong and Hille, 1998).
such a water-filled lobby in the middle of the lipid bilayerThe pursuit for a crystal structure of eukaryotic ion-
may serve to electrically shield the ions two-thirds ofselective channels has been hampered by two immense
the way through the lipid membrane. Beyond this vesti-practical problems: (1) these proteins have not been
bule is the 12-AÊ -long selectivity filter, to be discussedavailable in sufficient quantities for crystallography, and
below. After the selectivity filter, the pore opens widely(2) as integral membrane proteins, ion channels do not
to the extracellular side of the membrane.readily form well-diffracting crystals. An unexpected so-
The Selectivity Filterlution to the first problem was found just over two years
Perhaps the most illuminating insight from the KcsAago, when KcsA, then a newly discovered bacterial ion
channel structure is the nature of ion selectivity. One of
the main underlying physicochemical principles it illus-
trates is the importance of very short range interactions*To whom correspondence should be addressed.
Neuron
822
Figure 1. A Cartoon of the KcsA Channel
Pore
(Top) Inset shows the topological relation-
ship between voltage-gated ion channels, in
which six transmembrane helices from each
subunit cluster around the central pore, and
the KcsA channel, in which the two core heli-
ces, M1 and M2, and the P region constitute
each subunit of the tetrameric assembly. Its
topology directly resembles inwardly rectify-
ing ion channels. Two functionally equivalent
core helices in voltage-sensitive, inwardly
rectifying, and KcsA channels are shown in
red. The voltage-sensing S4 is hatched.
(Bottom) Only two subunits of KcsA are
shown for clarity. The pore axis is vertical
with the extracellular side on the top. The
selectivity filter (blue shaded box) and hy-
drophobic tunnel (yellow shaded box) flank
the aqueous cavity region between them. The
portion of the protein in front is depicted by
a thicker line. The two transmembranehelices
M1 (outer helix) and M2 (inner helix) are ap-
proximately perpendicular to the membrane.
The dipole of the pore helix is tilted with re-
spect to the plane of the membrane such that
its negative end points toward the center of
the cavity. Circles denote K1 (green, red, and
yellow circles at various binding sites along
the ion-conducting pathway, symbolizing their
varying stages of traffic signals) or Na1 (open
circle). Distances between the red and green
circles are z7.5 AÊ . An approximate scale bar
is given at the bottom of the panel.
between an array of twenty main chain oxygens and K1 successive binding sites (rings). It is not difficult to imag-
ine K1 hopping from one binding site to the next overions at the narrowest constriction (z3 AÊ ), designated
the selectivity filter. The selectivity filter is so narrow that a few angstroms distance as commonly occurs in metals
and crystals (Farrington, 1979). But what drives them toonly a single fully dehydrated K1 ion can pass through at
one time, which lends support for the single file move- move on? MacKinnon and colleagues' observation that
simultaneous binding of ions at two binding sites butment of ions first postulated by Hodgkin and Keynes in
1955. The filter consists of four to five main chain car- not immediately adjacent sites (7.5 AÊ apart near the
entry and exit points of the selectivity filter in the crystalbonyl oxygens of the signature sequence (TVGYG) from
each of the four subunits. These oxygens line the central structure) suggests that binding at adjacent sites may
provide the repulsive force for ion flow through the se-pore axis to form a stack of four to five oxygen rings
separated by 3±4 AÊ (Figure 1). As main chain oxygens, lectivity filter, as proposed for Ca21 channels. Nearby
binding sites in the filter are potentially the structuralthey are spatially inflexible, so their relative distances
to the center of the pore cannot readily be changed. basis for ªknock-on,º the coordinated movement of two
or more ions, long proposed to occur inpotassium chan-This structural rigidity, as speculated previously, is at
the heart of the selectivity mechanism. The oxygen rings nels (see Hille, 1992). These data also provide the first
physical visualization of multi-ion single file movement,substitute for the hydration waters of K1, resulting in a
higher energy barrier for physically smaller Na1 than for confirmation of the classic hypothesis of the long pore
effect (Hodgkin and Keynes, 1955).K1 ions, since the dehydration energy can be maximally
compensated by channel oxygen atoms only for the Another interesting feature observed by MacKinnon
and his collegues (Doyle et al., 1998) is that each doorright-sized K1 ions. Such a rigid coordination geometry
of oxygens for passing dehydrated cations has been is hinged by a tyrosine side chain with its hydroxyl group
hydrogen bonded to a neighboring tryptophan indoleexpected to form the higher energetic barrier for physi-
cally smaller Na1 ions (Bezanilla and Armstrong, 1972; nitrogen (shown in Figure 8 of Doyle et al., 1998). The
Trp is also known to be well conserved in K1 channelHille, 1973). This result invalidates the hypothesis by
which aromatic rings act as the counter charge in cat- sequences. KcsA is now known tobe gated by pH, being
open at pH 4.0 and inactive at neutral pH (Cuello et al.,ion±p ring interactions as a selectivity mechanism for
this class of ion channels. 1998). The crystal structure was determined from KcsA
crystals grown at neutral pH, which raises the questionThe structure also suggests a plausible mechanism
to enhance the movement of ions between four to five of whether the protonation of the tyrosine or any nearby
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side chain atom could affect the channel conductance
rate.
Eukaryotic K1 Channels
Eukaryotic K1 channels are likely to share the KcsA
structure. The structure of the KcsA P region is very
consistent with many predictions made from experi-
ments such as Cys modifications (Lu and Miller, 1995)
and kinetic and accessibility studies by cationic com-
pounds to the P region of Shaker K1 channels (Miller,
1991), suggesting that they are essentially the same.
Most importantly, however, MacKinnon et al. (1998) pro-
vide direct evidence that the KcsA channel resembles
eukaryotic K1 channels: modification of three positions
in the P region of KcsA to the amino acids of a eukary-
otic K1 channel resulted in the binding to the modified
KcsA of a scorpion toxin usually specific to the eukaryo-
tic K1 channel. Therefore, the structural terrain of KcsA
near the pore cannot be anything but that of the eukary-
otic K1 channel.
Another Golden Age
At least two important avenues beckon for future re-
search. The crystal structure of KcsA now provides a
powerful springboard for addressing dynamic and ener-
getic details of channel function, and a higher resolution
structure will naturally enable even more detailed bio-
physical analyses. Second, another fascinating, struc-
tural puzzle unique to ion channels remains to be re-
solved: channel gating, which is fundamental to nervous
system function. How channels couple conformational
change to the transmembrane electric field is believed
to involve the voltage-sensing S4 helix of voltage-gated
ion channels (Figure 1, the hatched helix in the inset).
The crystallization of these larger ion channel proteins
will provide important new insight into this mechanism.
The structure of KcsA marks the start of a golden era
for channel biophysics.
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